Abstract Stationary long pulse plasma of high electron temperature was produced on EAST for the first time through an integrated control of plasma shape, divertor heat flux, particle exhaust, wall conditioning, impurity management, and the coupling of multiple heating and current drive power. A discharge with a lower single null divertor configuration was maintained for 103 s at a plasma current of 0.4 MA, q95 ≈7.0, a peak electron temperature of >4.5 keV, and a central density ne(0)∼ 2.5×10 19 m −3 . The plasma current was nearly non-inductive (V loop <0.05 V, poloidal beta ∼ 0.9) driven by a combination of 0.6 MW lower hybrid wave at 2.45 GHz, 1.4 MW lower hybrid wave at 4.6 GHz, 0.5 MW electron cyclotron heating at 140 GHz, and 0.4 MW modulated neutral deuterium beam injected at 60 kV. This progress demonstrated strong synergy of electron cyclotron and lower hybrid electron heating, current drive, and energy confinement of stationary plasma on EAST. It further introduced an example of integrated "hybrid" operating scenario of interest to ITER and CFETR.
Introduction
EAST (experimental advanced superconducting tokamak) is the first fully superconducting tokamak like ITER. Long-pulse operation is one of the main goals of the research program on EAST [1−4] . The EAST tokamak is a medium sized device with major radius R=1.8 m, minor radius a=0.45 m, toroidal field B T =3.5 T, having achieved plasma current up to 1 MA [5] . EAST has a flexible Poloidal Field (PF) control system [6] to accommodate double null or single null configurations by equipping with a set of 12 independently power supplies and a pair of internal water-cooled coils for vertical instability control. Meanwhile, actively water-cooled plasma facing components (PFCs), upper and lower divertor cryopump, baking system and thermal coupler, etc. are integrated inside the vacuum vessel [4, 7] . In addition, high power continuous wave (CW) of Lower Hybrid Current Drive (LHCD) system at 2.45 GHz [8, 9] and 4.6 GHz [10, 11] , plus the newly developed Electron Cyclotron Heating (ECH) [12] at 140 GHz are routinely used for plasma current drive and heating.
Building on the previous high electron temperature experiment [11] , recent EAST experiment has demonstrated the potential of high electron temperature operation with non-inductive plasmas sustained for long pulse operation with LHCD and ECH. At present, discharge of a duration of 103 s high electron temperature (T e >4.5 keV) has been obtained with a plasma current of 0.4 MA through a combination of heating and current drive of 0.6 MW lower hybrid wave at 2.45 GHz, 1.4 MW lower hybrid wave at 4.6 GHz, 0.5 MW electron cyclotron heating and 0.4 MW modulated neutral beam injection, shown in Fig. 1 . The plasma configuration was lower single null, with elongation ∼1.6, the toroidal field B T was 2.5 T, the central density n e (0)∼2.5×10
19 m −3 and central ion and electron temperatures were T i (0)∼1.7 keV and T e (0) >4.5 keV respectively. In the experiment, the loop voltage was well * supported by the National Magnetic Confinement Fusion Science Foundation of China (Nos. 2015GB102000 and 2014GB103000) controlled to be about zero (∼±0.02 V). Note that the modulated NBI working mode was successfully tested for long pulse operation.
On EAST, the available flux is limited to 9Wb, allowing a 0.5 MA plateau of ∼10 s in an Ohmic plasma discharge. Non-inductive current drive is inevitably needed to save poloidal flux and extend the pulse duration. In this successful scenario, two types LHW (operating at frequency of 2.45 GHz and 4.6 GHz) were coupled to the plasma. The LH power was program controlled to allow the plasma loop voltage to be zero. The outer gap (3-4 cm) was optimized to maintain the LHW at low reflection coefficient (< 3%), together with the antenna local gas puffing [11] . Both shape and position of the plasma were well controlled by using the RTEFIT/Iso-flux control during the whole discharge, which was adapted from the DIII-D plasma control system (PCS) [13] . The linear correction scheme was introduced to remove linear drift of the integrator [14] , which may ruin the final plasma control through affecting of accuracy of the external magnetic measurement in the long pulse operation. During the operation, careful optimization of plasma shape and Xpoint were performed to maintain RF power coupling and particle exhaust and to avoid hot spot. Note that the redistribution [5] of the PF coil current to avoid PF11 and PF12 over current fault was explored and demonstrated by optimization of the M matrix [13] and PF coil current feed forward in the PCS.
Reducing heat loads on the PFCs, especially peak heat fluxes on the divertor target plates, is essential for long pulse operation. On EAST, all PFCs are actively cooled to facilitate heat exhaust. The newly installed thermoelectric couple allowed calorimetric measurement. The water temperature rose by 16 o C, at the end of the discharges and the water-cooled down in approximately 200 s. Meanwhile, the tangential infrared radiation (IR) camera [15] was installed to monitor the entire surface temperature of the PFCs. Fig. 2 shows one-time slice image of IR tangential view and temperature evolution of the outer strike point. The temperature rose quickly during the first 20 s and reached stable around 70 s. Note that the safety factor at the 95 percent normalized poloidal flux surface q 95 and the poloidal beta were 7.0 and 0.9 separately. For wall conditioning, the vacuum chamber was continuously kept at a temperature of 180 o C with hot nitrogen heating for few weeks before the campaign. Both glow discharge cleaning and ion cyclotron resonance discharge cleaning were routinely used, together with SiD 4 coating [16] on EAST. Coating with SiD 4 was found to be effective in suppressing the impurities and hydrogen concentration in the deuterium plasma. The H/(H+D) ratio reduced from 40%-50% during the initial machine operation to 10%-15% after 2 weeks of SiD 4 coating. The plasma density was well controlled by the continuously strong deuterium gas puffing (feed forward) and the Supersonic Molecular Beam Injection (SMBI) [17] (feedback control), indicating that the inner wall does not reach saturation in this ∼100 s long pulse operation (Fig. 3) . It is also shown that the CIII, OII and XUV intensities in the mid-plane remain constant during the current plateau. After 50 s, the carbon rose QIAN Jinping et al.: Integrated Operating Scenario to Achieve 100 s, High Electron Temperature Discharge slowly, probably coming from a hot spot or a damage of divertor graphite tile. In all, this first time long pulse high electron temperature (>4.5 keV) scenario has been successfully demonstrated with the integrated solution of plasma shape control, particle exhaust, wall conditioning, radio frequency power coupling, hot spot avoiding, etc. In the preliminary study, it was found that the electron temperature measured by Thomson scattering increased ∼2 keV in the core region during LHCD phase and another ∼2 keV increased when applying 0.5 MW ECR on-axis heating. This scenario allows the further work on the synergy [18] of electron heating by LHW and ECH and electron thermal transport [19] in the near future. It further introduced an example of integrated "hybrid" operating scenario of interest to ITER [20] and CFETR [21] . Finally, this high electron temperature scenario minimizes the ohmic current penetration in the plasma ramp-up phase and increases confidence in the long pulse current profile control. The prospects for higher electron temperature on EAST are indicated by the ongoing ECH power upgrades.
